Visualization and quantitation of abundant macroautophagy in virus-infected cells by confocal three-dimensional fluorescence imaging  by Jackson, Wallen et al.
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Varicella-zoster  virus  (VZV)  is a human  herpesvirus.  Primary  infection  causes  varicella  (chickenpox),  a
viremic illness  typiﬁed  by an  exanthem  consisting  of  several  hundred  vesicles.  When  VZV  reactivates
from  latency  in the  spinal  ganglia  during  late  adulthood,  the  emerging  virus  causes  a  vesicular  der-
matomal  rash  (herpes  zoster  or shingles).  To  expand  investigations  of  autophagy  during  varicella  and
zoster,  newer  3D  imaging  technology  was  combined  with  laser  scanning  confocal  microscopy  to provide
animations  of autophagosomes  in  the  vesicular  rash.  First,  the  cells  were  immunolabeled  with antibodies
against  VZV  proteins  and  the  LC3  protein,  an  integral  autophagosomal  protein.  Antibody  reagents  lacking
activity  against  the  human  blood  group  A1  antigen  were  selected.  After  laser  excitation  of the  samples,
optimized  emission  detection  bandwidths  were  conﬁgured  by Zeiss  Zen  control  software.  Confocal  Z-
stacks  comprising  up  to 40 optical  slices  were  reconstructed  into  3D  animations  with  the  aid  of Imaris
software.  With  this  imaging  technology,  individual  autophagosomes  were  clearly  detectable  as spheres
within  each  vesicular  cell.  To enumerate  the  number  of autophagosomes,  data  sets  from  50 cells  were
reconstructed  as  3D  ﬂuorescence  images  and analyzed  with  MeasurementPro  software.  The  mean  num-
ber of  autophagosomes  per infected  vesicular  cell  was  >100,  although  over 200  autophagosomes  were
seen in  a  few  cells.  In summary,  macroautophagy  was  easily  quantitated  within  VZV-infected  cells  after
immunolabeling  and imaging  by  3D  confocal  animation  technology.  These  same  3D  imaging  techniques
will  be  applicable  for investigations  of autophagy  in  other  virus-infected  cells.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.. Introduction
Autophagy is a subject of intense current investigation in sev-
ral areas of infectious disease research (Deretic and Levine, 2009;
rose, 2010; Knodler and Celli, 2011; Kudchodkar and Levine,
009). Macroautophagy (hereafter referred to as autophagy) is a
rocess by which the cell regulates protein and organelle turnover
Reggiori and Klionsky, 2002). Autophagy was recognized initially
s a survival mechanism for cells during periods of starvation. One
f the oft cited studies of autophagy was carried out in neona-
al mice; results from that pivotal study delineated clearly the
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ttp://dx.doi.org/10.1016/j.jviromet.2013.06.018induction of autophagy following brief periods of starvation (Kuma
et al., 2004). Numerous investigations have demonstrated a low
baseline level of autophagy in all healthy cells under both in vitro
and in vivo conditions. But when cells are stressed, autophagy
is upregulated quickly, in order to remove any accumulation of
potentially damaging cytoplasmic proteins and thereby maintain
homeostasis (Dunn, 1990a).
As noted in above citations, the sentinel organelle of autophagy
is the autophagosome. The autophagosome is recognizable by
transmission electron microscopy because of its characteristic
double-walled outer membrane (Fengsrud et al., 2000). Within the
double membrane resides a microtubule-associated protein called
light chain 3 (LC3), a mammalian homolog of yeast autophagy-
related protein 8 (Atg8) (Kabeya et al., 2000). The LC3 form
integrated within the wall of the autophagosome is called LC3-II;
LC3-II represents the lipidated form of the cytosolic LC3-I pro-
tein. The LC3-II protein within an autophagosome is detected
easily by antibody ﬂuoroprobes, because of the distinctive punctate
appearance of the organelle. Therefore, the degree of autophagy
can be assessed by enumeration of autophagosome formation by
reserved.
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echniques such as laser scanning confocal microscopy (Klionsky,
013).
In 2009, autophagy was detected in cultured cells after infec-
ion with varicella-zoster virus (VZV), the human herpesvirus
hat causes varicella (chickenpox) in children and herpes zoster
shingles) in older adults (Takahashi et al., 2009). Autophagy has
een investigated further under experimental conditions in VZV-
nfected cultured cells (Carpenter et al., 2011). In prior papers,
utophagy was observed in a limited number of human vesicle
amples. In this investigation, newer imaging methods facilitated
n expanded survey of autophagosome formation in human vari-
ella and zoster vesicles. In particular, the application of the latest
ersion of Imaris software for 3D rendering of Z-stacks of confocal
mages was very informative. Therefore, this imaging methodol-
gy is described in detail below because the same technology also
hould be applicable to studies of autophagy in other virus–cell
ystems.
. Materials and methods
.1. Laser scanning confocal microscopy and reconstruction of 3D
mages
The confocal images of the varicella skin vesicles were col-
ected on an upright Zeiss LSM710 Spectral confocal microscope
sing 40X and 63X high numerical-aperture oil immersion objec-
ive lenses. Image size was set to either 512 × 512 or 1024 × 1024
ixels. Multitrack sequential acquisition settings were used to
void inter-channel cross-talk. Excitation was via a 561 nm diode-
umped solid-state laser and the 488 nm line of an argon ion
aser. Optimized emission detection bandwidths were conﬁgured
y Zeiss Zen control software. The confocal pinhole was set to 1 Airy
nit. Z-stack acquisition intervals were selected to satisfy Nyquist
ampling criteria. As described in the Imaris version 7.6 Reference
anual (Bitplane, South Windsor, CT), Imaris software provides 8
ifferent viewing functions for the visualization and production
f high quality confocal images. In this project, confocal Z-stacks
omprising up to 40 images were reconstructed into 3D anima-
ions with the aid of Imaris software Slice and Easy 3D modes.
he Spot function in Imaris automatically locates autophagosomes
ased on size and intensity thresholds. Each autophagosome is rep-
esented by a sphere of arbitrary size determined by the user. The
isplayed sphere is positioned at the center of mass of the identiﬁed
utophagosome.
.2. Immunolabeling of the vesicle samples
Murine monoclonal antibodies (MAbs) against individual VZV
roteins were produced and characterized by this laboratory
Friedrichs and Grose, 1986; Grose et al., 1983). All MAbs were
erived from secreted IgG puriﬁed from cell culture medium. Anti-
ody reagents against the LC3 protein were purchased from the
ompanies listed in Table 1. Secondary antibodies included Alexa
88 and 546 ﬂuoroprobes conjugated to goat anti-rabbit IgG or
oat anti-mouse IgG F(ab′)2 fragment (Invitrogen). Previously ﬁxed
amples of human skin vesicles from de-identiﬁed children with
aricella or herpes zoster were obtained from archived samples col-
ected as part of an earlier investigation to characterize anti-VZV
onoclonal antibodies produced in this laboratory (Weigle and
rose, 1983). The primary antibody was added onto the samples
or 2 hr at ambient temperature and overnight at 4 ◦C. After wash-
ng (3 times for 5 min  each), the samples were incubated with the
econdary antibody for 2 h at ambient temperature, before wash-
ng (3 times for 5 min  each) and mounting on slides for viewing by
onfocal microscopy.l Methods 193 (2013) 244– 250 245
3. Results
3.1. Selection of the antibody probe to detect the LC3 protein
The ﬁrst goal of this imaging project was  to deﬁne a superior
antibody probe for detection of autophagosomes. In an earlier pub-
lication, Carpenter et al. (2011) had purchased a rabbit polyclonal
anti-LC3 antibody from Sigma (Table 1). However, when samples
with the same catalog number were purchased in 2012, lower dilu-
tions were required in order to detect autophagosomes in cultured
cells by confocal microscopy (1:100 vs 1:500). Therefore, testing
was conducted on a panel of anti-LC3 antibodies purchased from
4 other companies (Table 1). An additional goal was  to verify the
speciﬁcity of the anti-LC3 rabbit antibody reagents, because of
a recent publication that demonstrated endogenous reactivity of
rabbit polyclonal antibodies as well as mouse MAbs derived from
mouse ascites with the human blood group A antigen (Zerboni et al.,
2012). In other words, if any of our archival varicella and zoster skin
samples were obtained from a patient belonging to blood group
A1, there may  be reactivity of the contaminating anti-A antibody
against the skin sample irrespective of any anti-LC3 activity. That is
one reason why a mouse anti-LC3 MAb  derived from IgG-puriﬁed
cell culture medium was selected, since it would have no reactivity
against blood group A1 antigen. In addition, two  rabbit monoclonal
antibodies against the LC3 protein were tested. In an initial set of
screening experiments, all ﬁve antibody reagents detected puncta
in vesicles samples from the same subject (Table 1). Similar stud-
ies on uninfected skin samples conﬁrmed, as expected, that puncta
representing autophagosomes were difﬁcult to detect by confocal
microscopy in normal tissues (Fig. S1).
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jviromet.2013.06.018.
3.2. Detection of autophagosomes within a varicella vesicle
In the ﬁrst set of experiments to enumerate autophagosomes,
the mouse anti-LC3 MAb  was  chosen as the probe (Table 1). As
noted above, a mouse MAb  derived from cell culture medium
does not cross-react with human blood group A1 antigen present
in human biopsy samples. In past experiments, Takahashi et al.
(2009) and Carpenter et al. (2011) had used a rabbit anti-LC3 poly-
clonal antibody (Carpenter et al., 2011; Takahashi et al., 2009),
even though the blood group antigen status of each human sample
was not known. When the vesicle cells were inspected by confo-
cal microscopy after immunolabeling with mouse anti-LC3 MAb,
not all cells contained autophagosomes (Fig. 1). In fact, a minor-
ity of cells contained puncta, but the positive cells contained large
numbers of puncta. These results both conﬁrmed prior observa-
tions with a polyclonal anti-LC3 antibody and indicated that the
earlier results were not confounded by activity against the blood
group A antigen (Takahashi et al., 2009). No  major differences were
observed after examination of 8 different sets of archived samples.
The tally of autophagosomes within 20 infected vesicular cells from
a representative sample showed a mean of 52 ± 9, with a range of
38–72.
3.3. Imaging of autophagosomes and VZV structural proteins in
vesicles
Weigle and Grose (1983) ﬁrst investigated the distribution of
viral proteins within a VZV vesicle as part of a project to produce
and characterize anti-VZV speciﬁc monoclonal antibodies 30 years
ago. Vesicle cells were selected because they are the site of ﬁnal
viral assembly and envelopment and therefore should harbor a
broad spectrum of viral proteins. The biosynthesis of VZV proteins,
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Table 1
Antibody reagents against LC3 and their properties.
Antibody Catalog # Company Animal Type Rating
1 L7543 Sigma, St. Louis, MO Rabbit Poly 1+
2  sc-28266 Santa Cruz Biotechnology, Dallas, TX Rabbit Poly 2+
3  2057-1 Epitomics, Burlingame, CA Rabbit Mono 1+
4  38685 Cell Signaling Technology, Danvers, MA Rabbit Mono 1+
5  M186-3 MBL, Woburn, MA  Mouse Mono 2+
Fig. 1. Autophagosomes in human vesicles. Vesicle cell samples were prepared for confocal microscopic analysis after immunolabeling with murine anti-LC3 MAb  as described
in  Section 2 and Table 1. Green signal represent LC3 protein. Panels A and B (100×) show scattered clusters of LC3-II expressing cells (arrows) among a much larger number
of  vesicular cells without LC3-II immunoreactivity. Panels C and D (630×) illustrate a higher magniﬁcation of autophagosomes resident within the clustered cells that are
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egative control experiment in normal skin in Supplemental Fig. S1.
s with those in other herpesviruses, is regulated in a series of
inetic phases, designated as immediate-early (IE), early and late;
n turn, the late proteins are subdivided into early-late and true
ate (Honess and Roizman, 1974). In the initial studies as well as
ubsequent experiments, VZV gE is the predominant viral glycopro-
ein produced in VZV infected cells (Grose, 2002). VZV gE (ORF68)
s placed within the early-late kinetic phase of VZV proteins, also
alled the gamma-1 phase. Within a vesicle sample examined by
-stack imaging, VZV gE was detected throughout the cytoplasm
f virtually all cells within a vesicle, while a smaller number con-
ained LC3 positive autophagosomes (Fig. 2, panels A–F). A total
f 50 autophagosomes were measured; the average diameter was
90 nm ± 240 nm.idual cells in panels C and D. Micron bars are shown on panels A and C. Also see
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jviromet.2013.06.018.
Based on earlier observations that VZV-induced autophagy
appeared to be an early event in the VZV infectious cycle in cul-
tured cells, we  postulated that the infected vesicle cells lacking
autophagosomes may  be cells in the very late phase of infection.
To further investigate this hypothesis, we performed an experi-
ment in cultured cells in which we  carried out autophagy analyses
at early infection (24 hpi) and late infection (72 hpi). Puncta repre-
senting autophagosomes were easily detectable at 24 hpi but not at
72 hpi (Fig. 3). Of note, syncytia formation is a late event and corre-
lated with the absence of autophagosomes (Fig. 3B). Based on this
W.  Jackson et al. / Journal of Virological Methods 193 (2013) 244– 250 247
Fig. 2. Autophagosomes in VZV vesicular cells immunolabeled with an anti-VZV gE antibody. Vesicular cell samples were prepared for confocal microscopic analysis after
immunolabeling with rabbit anti-LC3 MAb  and a murine anti-gE MAb, designated clone 3B3. Both antibodies were derived from cell culture medium; therefore they could
not  attach to the human blood group A1 antigen. Green signal represents LC3 protein; red signal represents the VZV gE glycoprotein. A total of 10 slices were obtained. Panels
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r–C  represent slice 3 and panels D–F represent slice 4. The generally red backgroun
maller number of cells contained LC3-positive puncta (green). Red immunolabeled
f  the entire Z-stack in Supplemental Fig. S2. (For interpretation of the references to
xperiment, we postulate that autophagosomes in vesicles also
ould be found more commonly in early infected cells rather than
n later appearing polykaryons.
.4. Imaging of autophagosomes within vesicles by 3D confocal
icroscopy
In earlier sections of Section 3, an unusually large number of
utophagosomes were observed in vesicle cells by traditional 2D
ig. 3. Autophagosomes in VZV infected cultured cells. Two  monolayers of human melan
ouse  anti-LC3 MAb  at 24 hpi (panel A) and the second was immunolabeled at 72 hpi (pa
arge  polykaryons evident after staining the nuclei. Autophagosomes in panel A are desig
eferences to color in this ﬁgure legend, the reader is referred to the web  version of the aated that the majority of vesicular cells contained the VZV gE glycoprotein, while a
lacking green-colocalization are marked with white arrows. Also see 3D animation
 in this ﬁgure legend, the reader is referred to the web version of the article.)
confocal microscopy. Because of the potential of the sophisticated
Imaris 3D software program for visualization of subcellular com-
ponents, the quantitation data obtained from a 2D image of one
slice of a cell were extended to include a tally of all autophago-
somes within an entire cell. To this end, a larger number of confocal
Z-stacks of the vesicle samples labeled with the murine LC3 anti-
body were obtained. In turn, these data sets were loaded into Imaris
for a true 3D reconstruction and analysis using the Imaris Mea-
surementPro module. Parameters based on both pixel intensity
oma cells were inoculated with VZV infected cells; one was immunolabeled with
nel B), when syncytial formation was advanced and easily apparent because of the
nated by arrows. LC3 = green; VZV gE = red; nuclei = blue. (For interpretation of the
rticle.)
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Fig. 4. Images of autophagosomes in vesicular cells as reconstructed with Imaris 3D software. Vesicle cells were immunolabeled with murine anti-LC3 MAb  and a ﬂuoroprobe
as  described in previous legends. A Z-stack series was collected with a Zeiss LSM710 laser scanning microscope and 3D animations were assembled using Imaris software.
Individual puncta (autophagosomes) were detected with the Imaris software and the center of each autophagosome was represented by a green sphere, as described in more
detail  in Sections 2 and 3. Fifty cells were examined. Representative images of 6 individual cells are shown in panels A–F. Also see representative 3D animations in Figs. S3
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Fnd  S4. (For interpretation of the references to color in this ﬁgure legend, the reade
hreshold and target object size were selected, in order to iden-
ify putative superimposed autophagosomes within the maximum
ntensity projection images of the raw confocal data sets. Subse-
uently, 50 individual cells containing ﬂuorescent structures were
ropped from the data sets and then visualized within a bound-
ry frame. Six representative animations were created with Imaris
oftware; images from each of the six the animations are shown in
ig. 4. Of importance, software-identiﬁed locations of individualferred to the web version of the article.)
autophagosomes were clearly demarcated as distinct spheres
within each cell and were readily enumerated by the Measure-
mentPro software. The average number of autophagosomes was
118 per cell, although a few cells had over 200 (Fig. 5). Two illus-
trative 3D animations are shown in Supplemental Figs. S3 and S4.
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jviromet.2013.06.018.
W.  Jackson et al. / Journal of Virologica
Fig. 5. Enumeration of puncta in single vesicular cells using Imaris 3D software. As
noted in the legend to Fig. 4, Z-stacks of LC3-labeled vesicle cells were collected on a
Zeiss LSM710 confocal microscope. Z-stacks were opened with the Imaris software
and a 3D projection was  assembled. A total of 50 single cells or small groups of cells
were selected using the “crop 3D” command. Puncta within each of the 50 cell sets
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sere counted using the “add new spots” command. When the distribution of puncta
as  plotted, the peak subset of infected vesicular cells contained between 81 and
20  puncta.
. Discussion
A new approach for 3D imaging and enumeration of autophago-
omes is described in this report. The model for investigation was
ZV infection, a known inducer of autophagy. VZV has coevolved
ith and continues to infect human populations throughout the
orld (Quinlivan and Breuer, 2005). The results herein with 3D
maging clearly show that autophagy is an abundant and eas-
ly detectable response to VZV infection in the skin vesicle, the
nal site of VZ virion assembly. The methodology in this report
lso should be applicable to investigations of autophagy in other
irus-cell systems. The source of the autophagosome membrane
emains a subject of investigation, but the ER and Golgi membranes
re prime candidates (Dunn, 1990b; Yen et al., 2010). The process
egins with vesicle nucleation, followed by vesicle elongation and
losure of double walled outer membrane to form the autophago-
ome. As previously noted, the LC3-II protein is incorporated into
he double-walled membrane of the autophagosome. Subsequently
he autophagosome fuses with a lysosome, to form an autolyso-
ome. At this stage, the inner membrane of the autophagosome is
isrupted and the LC3-II protein is digested.
In this study, 5 different commercial antibodies to the LC3 pro-
ein were examined, in order to investigate autophagy in the VZV
esicle and validate prior results. Polyclonal antibodies with the
ame catalog number from the same company varied in anti-LC3
eactivity when purchased in different years. Therefore, antibod-
es of a different production lot need to be retitrated. When testing
uman samples, the investigator needs to be cognizant that rab-
it polyclonal antibodies or mouse ascites antibodies may  react
ith the human blood group A1 antigen, which is present even
n non-hematological samples obtained from a human subject
elonging to the A1 blood group (Zerboni et al., 2012). This prob-
em can be avoided in one of 3 ways: (i) probing for LC3-positive
utophagosomes with a MAb  derived from culture medium and
ot from mouse ascites, (2) removing the anti-A reactivity of
he antisera by adsorption, or (3) testing the human subject for
lood group antigen status. In human samples obtained from
ndividuals not belonging to the A blood group, any polyclonal anti-
erum reagent can be used without concern for this contaminatingl Methods 193 (2013) 244– 250 249
activity. In the initial experiments described in this report, the
problem was  avoided by selecting a mouse MAb  puriﬁed from
hybridoma cell medium and not ascites.
Enumeration of autophagosomes has been considered the gold
standard for conﬁrmation that autophagy is occurring within a
cell. The number of autophagosomes per cell in a varicella vesi-
cle is extraordinarily high, a result indicating greatly enhanced
autophagy (Kabeya et al., 2000). VZV infection may  induce
polykaryons among the skin cells, so the increased number of eas-
ily detectable autophagosomes may include a population within
a small cluster of fused cells. However, an experiment in cultured
cells suggested that autophagosomal formation had ceased in syn-
cytia, probably due to all autophagosomes having transitioned into
lysosomes during the ﬁnal phase of the infectious cycle. Increased
autophagosomes have been observed also in tissues infected with
nonfusogenic RNA viral infections, e.g., hepatitis C (Sir et al., 2008).
Other investigators have counted autophagosomes in cultured cells
under normal nutrient conditions, including the authors of the
original report that identiﬁed the LC3-II protein. The number of
punctate autophagosomes per healthy mammalian cultured cell is
small, with a range of 0–4 and a mean of 1–2 (Kabeya et al., 2000;
Tra et al., 2011). Likewise, cells within human and murine organs
such as liver and pancreas, when not stressed, harbor 0–4 punctate
autophagosomes per cell (Rosenfeldt et al., 2012). Similarly, punc-
tate autophagosomes are difﬁcult to detect in healthy human skin
tissue (Carpenter et al., 2011). Even within a Z-stack, however, enu-
meration of all autophagosomes within a single cell or ﬁeld of cells
is extremely tedious if each slice is tabulated separately. Thus, the
3D animation capabilities provided by the latest version of Imaris
software offer an entirely new perspective toward visualizing and
quantitating macroautophagy within a stressed mammalian cell,
e.g. after virus infection (Rueden and Eliceiri, 2007).
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